A B S T R A C T The effects of late pregnancy on adipose tissue metabolism have been examined in fed and fasted rats. Lumbar fat was excised from 19-day pregnant and age-matched virgin rats which had been given unrestricted access to food ("fed") or fasted for 48 hr before sacrifice.
In the fed state, adipose tissue from pregnant rats displayed an increased content of free fatty acids (FFA). This coincided with augmented cleavage of preformed glycerides during incubation in vitro as evidenced by greater net production of FFA and glycerol, and altered disposition of labeled glucose. The enhanced lipolysis was independent of the availability of glucose and was not accompanied by impaired responsiveness to the antilipolytic or to the lipogenic actions of added insulin. In the presence of glucose and albumin, esterification as well as lipolysis was greater in adipose tissue from pregnant than nongravid animals. All the differences were exaggerated by prior fasting.
These properties of adipose tissue during late gestation have been ascribed to a primary activation of lipolysis rather than impaired esterification or resistance to insulin. It has been suggested that the hormones of pregnancy may be responsible. Although increased intake of food and heightened availability of insulin may Part of this work.was presented at the 51st Annual Meeting of the Endocrine Society, New York, [27] [28] [29] (1) . Recent findings suggest that turnover in adipose depots may be altered in the fed state as well. Thus, plasma free fatty acids (FFA) are increased during late gestation in the rat even when access to food is uninterrupted (2) (3) (4) (5) . These observations, and the paucity of published data concerning adipose tissue in pregnancy, prompted the present studies. Incubations were performed in vitro with lumbar fat from fed and fasted 19-day pregnant, and age-matched nongravid rats. Segments of adipose tissue rather than isolated cells were employed in order to minimize preparative delay, and to preserve the intracellular allosteric and hormonal interrelationships that might be of regulatory significance in vivo.
METHODS
Pregnant primipara and age-matched virgin female rats were secured from Charles River Laboratories, Wilmington, Mass., and housed as in previous studies (5, 6) . Experiments were conducted on day 19 of pregnancy (age 60-70 days; fetal weights 1.5-2.0 g). Animals had been given continuing access to Purina Chow pellets ("fed") or deprived of all food but not drinking water for the preceding 48 hr ("fasted"). Rats were maintained in dark animal quarters from 6 p.m. to 8 a.m. each day and sacrificed before 11 a.m. Pregnant animals with litters of less than eight fetuses were excluded.
Right and left lumbar fat pads were excised, and two 70-80 mg pieces, one from each side, were introduced into 20-ml vials containing 2 ml of either one of the following incubation media: (a) KRB: modified Krebs-Ringer-bicarbonate containing gelatin (<2 mg/ml) as per Ball, Martin, and Cooper (7) to prevent absorption of insulin to glassware, or (b) KRB-Alb: modified Krebs-Ringer-Bicarbonate containing approximately 0.4 mm (i.e. 28 mg/ml) albumin (Armour: Bovine albumin) which had been treated with charcoal adsorption (8) and extensive dialysis in this laboratory to remove free fatty acids (FFA) and organic acids. Heptane extracts of 10-mg aliquots of such treated albumin contained an average of 0.030 /Amoles titratable acid. Insulin and glucose were added to KRB or KRBAlb as described in the text. The insulin contained "less than 0.005% glucagon" and was generously supplied by Dr.
Mary Root of Eli Lilly & Co. Epinephrine was prepared according to Hagen and Ball (9) , diluted 1000-fold in KRB immediately before use, and added to a final concentration of 0.1 ,ug/ml. Preparations of glucose labeled in carbon-1 or -6 (glucose-1-C; glucose-6-"C) were purchased from New England Nuclear Co.; 0.5 or 1.0 ACi was added to individual vessels, the larger amounts being used with tissues from fasted rats.
Vessels were sealed with rubber caps, gassed with 95%, 0-5%o C02, and incubated at 380C in a Dubnoff shaker as described previously (10, 11) . For experiments with labeled glucose, "CO2 was collected as before (11) ; total lipids were extracted by the method of Folch, Lees, and SloaneStanley (12) and washed twice with saline. Lipid extracts were saponified (1 hr; 80'C; 5 N methanolic KOH) and the radioactivity was partitioned into fatty acids and glyceride-glycerol (13) . Radioactive standards were prepared from vessels which had been incubated without tissues.
Glycerol concentrations in tissues and media were measured enzymatically (14) ; recovery of glycerol added to tissue extracts exceeded 90%o. FFA were extracted from tissue and media as per Dole and Meinertz (15) ; the heptane extracts were reduced to dryness under N2 and resuspended in chloroform. Activated silicic acid was added to the chloroform to remove phospholipids as described elsewhere (5) , and FFA were estimated by the Duncombe procedure (16) . The residual pellet after lipid extraction of tissues was employed to estimate total tissue protein by the procedure of Lowry, Rosebrough, Farr, and Randall (17) and DNA-phosphorus by the method of Schmidt and Thannhauser (18) . Tissue protein was employed as a reasonable index of functional adipocyte mass (19) (20) .
The tissue concentrations of FFA shown in Table I sufficiently exceeded those of plasma FFA that they were not altered meaningfully when corrected on the basis of the average reported "glucose spaces" (20) * Segments of lumbar fat were rapidly excised from 19-day pregnant and age-matched virgin rats which had been given uninterrupted access to food ("fed") or deprived of food for 48 hr ("fasted") prior to sacrifice. Mean ±SEM values are listed above; ( ) denotes number of animals; P indicates significance of differences between values in pregnant and virgin rats; NS = not significant.
late gestation. To distinguish among these possibilities, segments of lumbar fat from fed pregnant and virgin rats were incubated under conditions which eliminated the differences in the concentration of plasma glucose to which they are exposed in vivo. Oxidation and esterification of labeled glucose. During incubation for 60 min in KRB containing 5 mM glucose labeled in carbon-i or -6, oxidation of carbon-6 was greater by adipose tissue from fed pregnant than fed virgin rats (P < 0.02), and more labeled glycerideglycerol was formed from both carbon-i (P < 0.05) and carbon-6 (P < 0.05) (Table II) .
With epididymal fat, analogous patterns have been elicited by the addition of lipolytic agents in vitro (10, (23) (24) (25) (26) (27) . Thus, the increases in carbon-6 oxidation and glyceride-glycerol formation could be compatible with antecedent activation of lipolysis in vivo. However, since such changes in glucose metabolism have also been effected by simply increasing tissue FFA (10, 23, 25) , the phenomena might merely reflect the higher initial intracellular FFA (Table I) . Accordingly, more direct assessments of fat turnover were secured during longer incubations, in the presence of albumin as an extracellular FFA-acceptor.
Net release of FFA and glycerol in albumin-containing systems. Mean +SEM values for FFA and glycerol following incubation for 150 min are summarized in Table III . ' In KRB-Alb, adipose tissue from fed pregnant rats 'The Tables III, IV , and VI although the values were employed to calculate "net lipolysis" and "net esterification" (vide supra). released considerably more FFA than did tissue from fed virgin rats (P <0.01). Tissue FFA at the end of incubation (Table III) persisted near levels found initially (Table I) KRB + epinephrine + insulin) lipolysis within each group of animals. § P denotes significance of the effects of pregnancy by comparing pregnant vs. virgin animals.
0.02) whereas net esterification did not differ in the two groups (Table III) . During incubation in KRB-Alb + glucose, the removal of restraining amounts of FFA by esterification (31) enabled more lipolysis to occur in both groups (Table III) . However, net lipolysis remained about 60% greater in the tissues from the gravid animals (P<0.01) coincident with an equally greater net esterification (P < 0.01). Thus, every aspect of fat turnover is augmented in adipose tissues from the fed pregnant animals, and heightened lipolysis rather than impaired esterification seems responsible for the enhanced efflux of FFA.
Responsiveness to insulin. The effects of insulin were examined to assess whether resistance to insulin action could be implicated in these phenomena.
As shown in Table III (Table IV) presumably because the higher initial tissue FFA (Table I) inhibited full lipolysis (31) in the pregnant rats. However, addition of 50 i'U/ml insulin obtunded basal as well as epinephrine-stimulated lipolysis to an equal degree in both groups (Table IV) . Thus, isolated adipose tissue from fed pregnant rats did not display absolute or relative resistance to the antilipolytic effects of insulin under any experimental situation.
To evaluate tissue sensitivity to purely anabolic actions of insulin, formation of labeled fatty acids was examined. Table V summarizes results obtained during incubation of adipose tissue from fed animals for 60 min in KRB containing 5 mm glucose-1-14C or glucose-6-"C. Net biosynthesis of fatty acids in vitro by segments of lumbar fat from pregnant and virgin rats was not sig, nificantly different in the absence of added insulin ("0 insulin") nor in the presence of submaximal (100 tU/ * Tissues were incubated 60 min in 2 ml KRB containing 5 mm glucose-1-14C or glucose-6-'4C; and 0, 100, or 1000 ,U/ml insulin. ml) or maximal (1000 ,eU/ml) insulin stimulation (Table V) .
With epididymal fat, the recovery of radioactivity in C02, fatty acids, and glyceride-glycerol has accounted for 70-90% of glucose assimilation in vitro (24, 32) . By this criterion, glucose "uptake" was about one-third greater in adipose tissue from pregnant than virgin rats even in the absence of added insulin (Tables II and V) . If the relationships can be extrapolated to events in vivo, it would appear that the lower plasma glucose in the fed pregnant rat (3) (4) (5) 22) is not attended by glucose deprivation in adipose tissue; and that adipose tissue is not involved in the diminished hypoglycemic response to insulin (33). Thus, not only is responsiveness to insulin preserved, but metabolism is geared to compensate for the prevailing lower concentration of extracellular glucose.
Adipose tissue from 48-br fasted animals RELATIONSHIPS IN VIVO Following a 48 hr fast, plasma glucose falls to near hypoglycemic levels in the 19-day pregnant rat (3) (4) (5) 22) ; plasma insulin ceases to be greater than in nongravid animals (4, 5) and urinary catecholamine excretion is increased (6) (whereas urinary catecholamines are unaffected by pregnancy when food is available [6] ). Coincident (and perhaps associated) with these changes, the hyperlipacidemia (elevated FFA levels) and ketonemia of starvation are markedly exaggerated in the pregnant rat (3) (4) (5) 22) . Table I summarizes values for the adipose tissue content of FFA and glycerol under these circumstances. Although the 48 hr fast increased tissue FFA and glycerol in nongravid as well as gravid animals, the increments for both were 2.7-fold greater in the pregnant group. Thus, FFA were approximately doubled in the adipose tissue of fasted pregnant rats but increased only about 50% in the virgin (Table I) .
The divergences in vivo prompted repeat studies in vitro. It was felt that prior fast should enhance the in vitro differences between tissues from fed pregnant and nonpregnant animals which we have ascribed to gestational activation of lipolysis (vide supra).
METABOLISM IN VITRO
The per cent of total radioactivity per milligram tissue protein which was recoverable as 'CO2 or glycerideglycerol-P4C after 60 min incubation in KRB was diminished by fasting (Table II) . However, the absolute differences in glucose oxidation and esterification between tissues from gravid and nongravid animals were, if anything, more pronounced.
During more prolonged incubation in KRB-Alb (Table VI) both groups released greater amounts of FFA and glycerol into the medium than in the fed state (Table III). However, the disparities between pregnant and virgin animals were even more marked following 48 hr fast (Table VI) . Inclusion of glucose (i.e. KRB-Alb + glucose) effected proportionally smaller increases in net esterification after fasting (Table VI) than in the fed state (Table III) but caused even greater differences in net lipolysis between the virgin and pregnant rats (Table VI) . Under such circumstances, addition of insulin (50 ,sU/ml) reduced net lipolysis 10.1 ±4.1% in pregnant (P < 0.05) and 31.4 ±1.4% in virgin (P < 0.001) (Table VI )-a significant difference between the two groups (P < 0.01).
Fasting also did not alter the relative responsiveness to the effects of insulin upon glucose disposition. As shown in Table V , the decreased formation of fatty acids after 48 hr fast was minimally but equally in- (30) . In other words, isolated fat from the fed 19-day pregnant rat seems to behave as if subjected to a primary stimulation of lipolysis rather than an impairment of esterification or resistance to insulin. In the light of these findings, the increase in glucose uptake and net gas exchange produced by insulin in adipose tissue from fed 18-to 20-day pregnant rats (34, 35) more likely results from the greater esterification and glucose oxidation than heightened sensitivity to insulin. Likewise, the greater total labeling of maternal fat after intravenous glucose-wC (36) may represent an increment in glyceride-glycerol rather than fatty acid synthesis. Indeed, Fain and Scow found that the incorporation of tritiated water into maternal fatty acids in the 20-day fed pregnant rat was indistinguishable from that of virgin control animals although fatty acid synthesis was substantially greater in the 16-day pregnant animal (22) .
Whether the intrinsic activation of lipolysis in adipose tissue fully accounts for the observed elevation of plasma FFA in the fed pregnant rat cannot be answered. Other factors such as the greater total body fat (22) , the lower plasma glucose (3) (4) (5) 22) , the lower plasma albumin (37) , and the heightened cardiac output (38) , with possibly augmented perfusion of adipose tissue could also be contributory in vivo. Some of the FFA might even originate from the hypertriglyceridemia of dietary origin (3).
The precise reasons for the activation of lipolysis in adipose tissue in the fed state are also unclear. We have demonstrated that the disparities in lipolysis between lumbar fat from gravid and nongravid animals are accentuated by fasting. Indeed, after 48 hr fast in pregnancy, some added resistance to insulin may even be manifest as evidenced by diminished responsiveness to the antilipolytic actions of the hormone in vitro. Thus, the possibility that some adaptations to the "exaggerated" starvation of pregnancy (1, 4, 5) are carried over into the fed state cannot be excluded. However, it does not seem likely that this is of major importance since 24 hr catecholamine excretion is not different in pregnant that in nonpregnant animals during ad lib. feeding (6) , and it is our impression that pregnant rats not only eat more (3) but also more frequently and throughout the day in late gestation. It seems more likely that the sustained activation of lypolysis is triggered by something that acts continuously. The hormones of pregnancy could qualify for such a role since they are released from placenta and ovary without dietary feedback regulation and in accord with the growth and development of the conceptus (39, 40) . One such hormone, placental lactogen, has displayed lipolytic properties in vitro (27) as "insurance" against possible food deprivation, particularly in late gestation when the fetal drains on maternal glucose and amino acids are greatest. Should fasting supervene, the pregnant animal is ideally poised to mobilize and utilize lipids at an accelerated rate, and thereby to spare nonlipid nutrients for fetal growth and for maternal tissues which will not accept other fuels.
